The coil-to-globule transition of poly(N-isopropylacrylamide) (pNIPAm) in water is generally believed to be driven by hydrophobic interaction between the isopropyl groups of its side chains. However, it is still unclear how dehydration and critical fluctuations of the polymer chains are correlated. Here, we use small-and wide-angle x-ray scattering and dielectric relaxation spectroscopy to cover a wide range of the relevant length and time scales, enabling us to grasp an overall picture of this phase transition. We find that the hydration number of pNIPAm decreases only moderately with temperature up to about 6 K below its spinodal temperature T S , but then drops steeply on approaching T S . This rapid dehydration is coupled to a mean-field-like power-law divergence of the correlation length ξ , representing fluctuations of the density order parameter. Real-space decoding of an observed interference peak reveals partial-globule formation even far below T S and demonstrates that the polymer-rich phase above T S can be understood as a high-density assembly of the microglobules. Strikingly, condensation of the microglobules and the divergence of ξ do not run parallel. Instead, the condensation occurs only above T S and is completed about 6 K above T S . The local number density of the microglobules, exhibiting a steplike increase just above T S , should be identified as an additional microscopic order parameter governing the phase transition of pNIPAm.
The coil-to-globule transition of poly(N-isopropylacrylamide) (pNIPAm) in water is generally believed to be driven by hydrophobic interaction between the isopropyl groups of its side chains. However, it is still unclear how dehydration and critical fluctuations of the polymer chains are correlated. Here, we use small-and wide-angle x-ray scattering and dielectric relaxation spectroscopy to cover a wide range of the relevant length and time scales, enabling us to grasp an overall picture of this phase transition. We find that the hydration number of pNIPAm decreases only moderately with temperature up to about 6 K below its spinodal temperature T S , but then drops steeply on approaching T S . This rapid dehydration is coupled to a mean-field-like power-law divergence of the correlation length ξ , representing fluctuations of the density order parameter. Real-space decoding of an observed interference peak reveals partial-globule formation even far below T S and demonstrates that the polymer-rich phase above T S can be understood as a high-density assembly of the microglobules. Strikingly, condensation of the microglobules and the divergence of ξ do not run parallel. Instead, the condensation occurs only above T S and is completed about 6 K above T S . The local number density of the microglobules, exhibiting a steplike increase just above T S , should be identified as an additional microscopic order parameter governing the phase transition of pNIPAm. DOI: 10.1103/PhysRevMaterials.2.085601
I. INTRODUCTION
Phase transitions and critical phenomena in polymer solutions have a host of implications for the self-organization of amphiphilic molecules [1] , the collapse of gel networks [2, 3] , and protein folding [4] . Poly(N-isopropylacrylamide) (pNIPAm) is among the most studied thermoresponsive polymers, undergoing a coil-to-globule transition in water at a temperature of approximately [32] [33] [34] • C [5] [6] [7] [8] [9] [10] [11] [12] . For several decades, hydrophobic interaction has been considered to be the major cause for this collapse of the hydrophobic polymer chain in water.
More detailed mechanisms have been discussed in the literature. ten Wolde and Chandler claimed that solvent fluctuationinduced dewetting is an underlying mechanism of the coilto-globule transition of an ideal hydrophobic polymer chain [13] . Tanaka et al. proposed a cooperative-hydration picture, in which sequential hydrogen bond formation along a pNIPAm chain, triggered by cooperative interactions between nearestneighbor bound water molecules, explains its phase diagram [14, 15] . Bischofberger et al. argued that it is the mean energetic state of the aqueous medium that determines hydrophobic hydration in aqueous pNIPAm [16] .
Because of unfavorable x-ray scattering contrast, the static structure of pNIPAm was mostly studied by small-angle neutron scattering (SANS) in D 2 O solvent. Shibayama et al. [17] showed that SANS intensities of pNIPAm in D 2 O solvent recorded for q 2 nm −1 can be described by a single Ornstein-Zernike (OZ) equation, where q is the magnitude of the scattering vector. Using SANS, Meier-Koll et al. [18] discussed values of the critical exponents describing the critical fluctuation. The high-q deviation from the OZ behavior in the SANS intensities of pNIPAm was tentatively attributed to domain formation. Although it was pointed out that the transition temperature of pNIPAm in D 2 O is 1-2 • C higher than in H 2 O [19] [20] [21] , possible deuterium isotope solvent effects on its critical behavior remain rather ambiguous.
Hydration effects and dynamics of pNIPAm have been extensively studied by spectroscopic techniques [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Dehydration behavior during the phase transition was investigated by dielectric relaxation spectroscopy (DRS), although the number of experimental data points are limited [24, 28] . A recent Raman multivariate curve resolution (Raman-MCR) study of Mochizuki and Ben-Amotz revealed that significant changes in the OH-band frequency range of the spectrum occur only above the cloud-point temperature, where the pNIPAm chains collapse [32] . This unexpected observation appears to be inconsistent with the solvent-fluctuation induced transition mechanism.
Difficulty in reaching a general consensus regarding the counterintuitive phase behavior of aqueous pNIPAm has mostly arisen from the lack of microscopic insights into the coil and globule states. An electron paramagnetic resonance study on pNIPAm-based hydrogels demonstrated the coexistence of hydrophilic and hydrophobic environments over a wide temperature range and suggested that microphase separation takes place in coexisting swollen and collapsed regions during the collapse process [25] . However, the structural details and the role played by the swollen and collapsed domains in the phase transition still remain unclear. Furthermore, although the cooperative-hydration picture predicted partial globule formation even in the one-phase region [14, 15] , this has not yet been experimentally evidenced. To overcome all these issues, we study the phase transition of semidilute solutions of pNIPAm (M W 29 kDa) by means of simultaneous small-and wide-angle x-ray scattering (SWAXS) and dielectric relaxation spectroscopy (DRS).
II. METHODOLOGY
Poly(N-isopropylacrylamide) (pNIPAm) having a nominal molecular weight of 19-30 kDa was purchased from Aldrich and was used as received. pNIPAm solutions with polymer weight fraction w = 0.13 were prepared by dissolving the polymer in Millipore water (H 2 O) and deuterium oxide (D 2 O) (Wako, degree of deuteration >99.9%). Before scattering and spectroscopic measurements, the solutions were kept at 5
• C for several days for equilibration.
Small-and wide-angle x-ray scattering (SWAXS) experiments in a scattering vector range of 0.07-28 nm −1 were carried out using a SAXSess camera (Anton Paar, Austria). Sample temperature was controlled with an accuracy of ±0.1
• C. The obtained solution data were corrected for background scattering from the capillary cell and the solvent. To obtain scattering intensities equivalent to those measured by means of an ideal point collimation apparatus, a modelindependent collimation-correction procedure relying on the Lake algorithm [33] was performed. The measured scattering intensities were converted to absolute values by normalizing to the forward intensity determined for water [34] . As the pNIPAm in the H 2 O sample exhibited phase separation above 34
• C, the rotor cell setup was used to prevent precipitation.
Spectra of the complex permittivity ε * (ν) of aqueous pNIPAm solutions at identical w were determined in the frequency range between 0.2 and 89 GHz using a vector network analyzer (VNA) (Agilent, E8364B) with open-ended coaxial-line probes (Agilent, 85070E-020/-050) and A-and E-band waveguide interferometers (Regensburg) [35] . The VNA instrument was calibrated with air, mercury, and water. Uncertainty of temperature control was ±0.03
• C.
III. RESULTS AND DISCUSSION
A. Static structure 
where ξ is the correlation length and I OZ (0) is the forward intensity extrapolated to zero scattering vector. The OZ-type contribution reflects the fractal nature of the swollen coil polymer network [37] . With increasing T , the forward intensity increases, whereas simultaneously the shoulder exhibits a significant low-q shift. Additionally, an excess contribution grows in at q < 0.2 nm −1 and becomes pronounced at T > 32
• C. This component can be formally described by the Guinier equation [38] ,
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where I G (0) and R g denote the asymptotic Guinier forward intensity and the radius of gyration, respectively. The emergence of this Guinier-type excess forward scattering even at T < T S appears to indicate that already in the one phase region pNIPAm chains are in an aggregation regime [39] . At all temperatures, two broad interference peaks in the small, respectively wide, angle regime, hereafter called low-q (L) and high-q (H) peaks, can clearly be seen. These contributions, which were outside the reach of previous SANS studies [17, 18] , are modeled by Lorentzian parts of the pseudo-Voigt equations [40] ,
for x = L and H, where q * x denotes the peak position and
is the maximum intensity at q = q * x ; the sharpness parameter ξ * x is related to the full width at half maximum (FWHM). The position of the high-q peak, q * H ≈ 15-16 nm −1 , remains practically unchanged on variation of T . Judging from the corresponding length scale (<0.5 nm), this contribution originates from intrachain radial distributions. On the other hand, the emergence of the low-q peak, centered at approximately 3-6 nm −1 depending on T , manifests the presence of an intermediate-range order, whose length scale is far larger than that of the radial distributions but somewhat smaller than or rather similar to that of the density fluctuations of the swollen polymer network. Note that conventional watersoluble random coil polymers, like dextran, often exhibit rod scattering in this q range but does not show such an interference peak. Therefore, the temperature dependence of this peak deserves to be scrutinized as it should be the key to a better understanding of the phase behavior of pNIPAm.
Above T S , I OZ (0) abruptly reduces whereas the forward intensity approaches the Porod scattering limit [38] ,
where K P is the Porod intensity. This indicates the collapse of the swollen polymer network and the formation of a sharp interface between polymer-rich and water-rich phases. We find a higher value for K P in D 2 O than in H 2 O, which is indicative of a greater surface area per unit volume in D 2 O. Figure 2 shows ξ and I OZ (0) of the OZ contribution as a function of T . For semidilute solutions, ξ should be interpreted as the mesh or blob size of the interpenetrating chains [37] whereas I OZ (0) is related to the magnitude of the density fluctuation, being proportional to the osmotic compressibility [41] . We observe simultaneous divergence of ξ and I OZ (0) at the spinodal temperature T S . Below T S , these quantities are described by
B. Critical behavior
and
where ξ 0 and I 0 are the bare correlation length and forward intensity, respectively, which are treated as T -independent constants. We obtain T S = 34.0 
C. Cooperative dynamics
The hydration state of the pNIPAm chains in H 2 O is monitored by DRS. Figure 3 shows a temperature series of the complex permittivity spectra, ε * (ν) = ε (ν) − iε (ν), of aqueous pNIPAm, where ε (ν) and ε (ν) are the relative permittivity and dielectric loss, respectively. In the covered frequency range (0.2-89 GHz), the dielectric spectrum of neat water is almost perfectly described by a single Debye-type relaxation function [42] . We find that well below T S , the addition of pNIPAm induces a marked low-frequency broadening of ε (ν). With increasing T , the spectrum gets narrower. This effect becomes marked especially at T > T S − 6 K.
We find that among the tested models, a superposition of two Debye relaxation functions,
gives a consistent description of the experimental spectra at all investigated T . Here, the subscripts j = 1 and 2 designate the low-and high-frequency relaxations respectively, which are characterized by their relaxation times τ j (τ 1 > τ 2 ) and amplitudes ε j (see Fig. 4 ). The loss peak frequency (and thus relaxation time τ 2 ) of the high-frequency mode is found to be almost identical to that of pure water at all investigated T . Thus, this process is attributed to the cooperative rearrangement of the hydrogen-bond network of bulk water [42] . Its relaxation amplitude ε 2 reflects the concentration of water molecules behaving as bulklike water in solution. On the other hand, the 085601-3 additional low-frequency mode (j = 1) reflects the retarded (slow) dynamics of H 2 O molecules in the hydration layer. Here, a contribution from dipolar pNIPAm side chains is possible but-as discussed below-apparently not significant. Segmental motions of the polymer and a possible MaxwellWagner-Sillars contribution of the collapsed polymer chain can also be neglected as these relaxations are in the megahertz region [29] .
Below 28
• C, ε 1 shows a moderate decrease with T while ε 2 remains nearly constant. However, increasing T above 28
• C leads to a pronounced decrease of ε 1 and a corresponding increase of ε 2 . Such behavior implies that on approaching T S , water molecules are released from the pNIPAm chains.
D. Hydration/dehydration behavior
To obtain deeper insights into the hydration state of the pNIPAm chains, we evaluate effective hydration numbers per monomer unit using the generalized Cavell equation [43] [44] [45] ,
where ε j is the relaxation amplitude of a j th process, ε is the static permittivity, A j is the cavity-field factor, N A is the Avogadro constant, k B is the Boltzmann constant, T is the temperature in kelvin, and ε 0 is the vacuum permittivity; c j is the molar concentration and μ G,j is the gas-phase dipole moment of the species causing process j , α j is its polarizability, and f j is the corresponding reaction-field factor [46] . For water molecules A j = 1/3 (spherical shape) is assumed. Normalization of Eq. (8) to the expression for neat water yields the apparent concentration c j (c) app at solute concentration c as
Substitution of ε 2 for ε j in Eq. (9) yields the apparent bulk water concentration c w (c)
app . According to the definition, c w (c) app can be interpreted as the concentration of water molecules that retain dynamic properties virtually identical to those of pure water despite the presence of solute molecules (pNIPAm). The total hydration number Z total is thus defined as
by converting the difference between c w (c) app and the analytical concentration of water c w (c) ana into the corresponding number of water molecules per pNIPAm repeat unit, where c is the analytical concentration of the latter.
On the other hand, the apparent concentration of slow water c slow (c) app can be calculated by substituting ε 1 for ε j into Eq. (9) . The corresponding number of slow water molecules per NIPAm monomer unit is obtained as
As mentioned before, side-chain dipoles of pNIPAm potentially contribute to ε 1 . However, this should result in Z slow values that are significantly larger than the corresponding data for Z total . According to Fig. 5 this is not the case, so that the difference between Z total and Z slow can be identified as the number of water molecules that are strongly (irrotationally) bound to the solute, Z ib = Z total − Z slow . The obtained hydration numbers Z total , Z slow , and Z ib are summarized in Fig. 5 .
Up to 28
• C, Z total and Z slow show only a moderate decrease with T . However, above that threshold, both hydration numbers rapidly drop. In the identical T range, ξ and I OZ (0) show a drastic increase (Fig. 2) . This indicates that dehydration of the pNIPAm chains does not occur monotonously upon heating but proceeds abruptly above T S − 6 K, implying a strong 085601-4 cooperative nature of the pNIPAm dehydration/hydration. The data also demonstrate that the dehydration is strongly coupled to the critical fluctuations of pNIPAm. We therefore infer that the exclusion of hydration water from the vicinity of the pNIPAm chains and the segregation of the system into nanometer-sized polymer-rich and water-rich domains occur in a concerted manner. This is also connected with a drastic slowdown of the hydration water dynamics, i.e., a strong rise of τ 1 [ Fig. 4(a) ].
The practically constant value of Z ib ≈ 1.3 probably means that these irrotationally bound water dipoles are not released from the pNIPAm chains even above T S . A similar number of strongly bound water molecules was also found for 1,3-dimethylurea in a combined DRS and molecular dynamics study [47] and assigned to H 2 O dipoles strongly interacting with the carbonyl oxygen of the solute. This may also be the case for pNIPAm with its amide group in the side chains. Note that the change of the total hydration number upon phase transition, Z total ≈ 12, is in good agreement with the result obtained by thermodynamic measurements [48] .
E. Microscopic insights into the phase transition
As shown in Figs. 1(g) and 1(h) , well above T S , the measured intensities at q < 8 nm −1 can be approximated as I P (q ) + I V L (q ). This means that the polymer-rich phase is virtually homogeneous on a length scale exceeding that of an intermediate-range order (∼1/q * L ), while on a shorter length scale, the system exhibits marked density fluctuations. This unambiguously demonstrates that the low-q peak originates from intrinsic density fluctuations in the globule state of pNIPAm. From the emergence of a considerably broader but otherwise similar interference peak at temperatures far below T S , we argue that already in the one-phase region, an equivalent exists to the positional correlations between high-density scattering objects that characterize the globule state.
A comparable low-q peak was observed for pNIPAm-based gels [49] [50] [51] . Our data firmly confirm that the emergence of this low-q peak is not a gel specific phenomenon but an intrinsic property of the pNIPAm chain. Chalal et al. claimed that the peak observed for pNIPAm-based cryogels is due r (nm) to local packing arising from the hydrophobic association of isopropyl groups of two neighbor chains or from hydrogen bonds between amide groups [49] . However, this explanation cannot apply to pNIPAm solutions because for T < 28
• C, the values of the characteristic distance d * , approximated as 2π/q * L (1.9 nm at 5
• C and 1. We are aware that the calculation of the characteristic distance from Bragg's law may be problematic for broad peaks. To overcome these issues, we calculate density autocorrelation functions (ACFs), C(r ), using an indirect Fourier 085601-5 transformation (IFT) technique [38] [ Fig. 6(a) ], where C(r ) is given by the inverse Fourier transformation of I (q ) as
The resulting ACFs in the expression of r 2 C(r ) are shown in Fig. 6(b) . The low-q peak is mapped into oscillations in r 2 C(r ) and the characteristic distance in real space d * r can be directly taken from the first peak position [ Fig. 6(c) ]. For T < T S , d * monotonously decreases with T from 1.9 nm at 5
• C to 1.4 nm at 33
• C (just below T S ) while d * • C is unchanged. These observations lead us to conclude that above T S , the low-q peak arises from positional correlations between the microglobules and that similar microglobules exist already in the one-phase region (T < T S ), as predicted in the cooperative hydration picture [14, 15] .
Generally, the sharpness of an interference peak is related to the size of organized domains. Using FWHM, β = 2/ξ * L , the domain size D is given by D = 2π/ β. By extending a crystallographic method, the (relative) local number density of the microglobules may be deduced as N r ∝ D/d * r [ Fig. 6(d)] . The values of N r exhibit only a moderate increase for T < T S , but show a steplike jump just above T S , reaching a plateau at T > 40
• C. In Figs. 6(d) and 6(e), the characteristic T ranges of the divergence of ξ attaining ξ > d * r and the rapid condensation of the microglobules are highlighted in red and green colors, respectively. We stress the fact that the condensation of the microglobules does not occur in parallel with the divergence of ξ . In T S < T < T S + 6 K, where the swollen polymer networks are mostly collapsed, the microglobules rapidly condense into a high-density state as N r exhibits a steplike increase. These findings demonstrate that the phase transition of pNIPAm in aqueous media can be viewed as a transition between a state of low density of the microglobules to a state with high microglobule density [ Fig. 6(d) ]. Accordingly, we can now identify the local number density of the microglobules as an additional microscopic order parameter monitoring the phase transition [ Fig. 6(e) ].
IV. CONCLUSIONS
To summarize, we have presented experimental evidence that critical fluctuations and dehydration of the pNIPAm chains are closely coupled, due to the strong cooperative nature of the dehydration/hydration of the polymer chains. We have also shown similarity and substantial difference of the critical fluctuation of pNIPAm in H 2 O and D 2 O, confirming about 1 K higher T S in D 2 O and almost identical critical exponents independent of the solvent conditions. The data demonstrate the onset of microglobule formation far below T S , where the long-range positional correlations between these microglobules (d * r > ξ) give a broad interference peak. Above T S the polymer-rich phase is characterized by a high number density state of these microglobules. For T > T S − 6 K, ξ rapidly increases, resulting in ξ > d * r . For T > T S , the density fluctuation arising from the random coil chains rapidly disappears, whereas the local number density of the microglobules shows a steplike increase.
Importantly, we find that the condensation of the microglobules does not occur simultaneously with the divergence of ξ . Instead, the condensation sets in just above T S and is completed at temperatures about 6 K above T S whereas ξ already diverges when approaching T S . Therefore, the phase transition of aqueous pNIPAm solution can be understood as a transition from a low-density to a high-density state of the microglobules. Besides the ordinary density order parameter, whose spatial fluctuations are manifested by ξ , the local number density of the microglobules can be identified as a microscopic order parameter governing the phase transition of aqueous pNIPAm solution. The change in solvent water to a weaker hydrogen bond structure above the cloud temperature, claimed by a recent Raman-MCR study [32] , may be associated with the completion of the high-density microglobule assemblies.
We note that structural changes related to the volume-phase transition (VPT) of pNIPAm-based gels are often regarded as gel-specific phenomena, but this is probably not correct. As we have shown, many of these changes arise essentially from an intrinsic property of the pNIPAm chain, namely the temperature-induced change of the interchain interactions and the mixing scheme of pNIPAm in aqueous environment. We anticipate that this work has a potential impact on subsequent investigation into effects of coexisting alcohols [15, 16, 31] and ions on the phase transition of pNIPAm and all kinds of other thermoresponsive polymers in aqueous media.
